hf-type hexagonal ferrites have been incorporated in a coupled dielectric image guides structure for nonreciprocal microwave circuits design. Two different field configurations have been considered in this paper: for case I the c axis of the ferrite materials was aligned along the direction of propagation; for case II the c axis was aligned in the transverse direction. Electromagnetic wave scattering S parameters of the device were measured for an external biasing magnetic field applied parallel and perpendicular to the c axis of the ferrite slab. We have observed nonreciprocal microwave effects in the ferromagnetic resonance regime as a result of a nonuniform external biasing magnetic field along the propagation direction. We believe that ferrite devices operating at millimeter-wavelength frequencies, such as isolators, filters, modulators, switches, phase shifter, etc., can be implemented from our device design.
In this article we report on the measurement of the scattering parameters for the device configuration shown in Fig. 1 in which the ferrite of choice is a hexagonal ferrite for the purpose of reducing the external field requirements for operation bet.ween 26 and 40 GHz. The polycrystal ferrite slab was specially prepared (sintered) so that the remanence magnetization was along the c axis. However, approximately 85% orientation of the c axis was achieved during sintering of the ferrite. The ferrites had a substantial remanence magnetization along the c axis that could provid ferromagnetic resonance (FMR) at the microwave frequency regime with zero external biasing field. The c axis of the ferrite is also defined as the easy axis of magnetization in the ferrite slab ( BaFe,,_,Co,Ti,Olg).
In case I, the external biasing field H was parallel to the direction of propagation and in case II, H was transverse to the direction of propagation, but normal to the ground plane.
The device configuration of Fig. 1 was chosen due to its simplicity of fabrication and analysis. The frequency range of interest was 26.5-40.0 GHz. Insertion loss of a passive device is one of the major factors that one must consider in millimeter-wave circuit designs. For dielectric image lines, there are four types of losses that we need to consider: dielectric, magnetic, conduction, and radiation. Dielectric losses scale nearly linearly with frequency as pointed out by Xia et al. ' In order to minimize dielectric loss, a dielectric material with low loss tangent was chosen for the device. Hence, Teflon was used [e=2.25( 1 -jl x lo-")] with rectangular cross-section dimensions of 1.9 x 1.7 mm.' For these dimensions the corresponding cutoff frequency was approximately 22.5 GHz for the fundamental mode of propagation.
In general, nonreciprocal microwave devices make use of ferrimagnetic materials to couple the electromagnetic energy to the precessional motion of the ferrite. In our device, &f-type hexagonal ferrite (BaFe,,-,Co,Ti,O,,) with a self-biasing field was chosen. Magnetic loss was relatively small in comparison to radiation. Typically, radiation losses were 7 dB and the magnetic losses were approximately 1 dB. The main advantage of this type of ferrite is that it provided ferromagnetic resonance without any external biasing field. However, in order to observe nonreciprocal elects, only a small nonuniform magnetic field was required in our design. The physical parameters of the ferrite slab are given in Table I .
In our experimental work, a HPXSlOB Vector Network Analyzer was used for measuring the scattering parameters. Experimental measurements were performed in the frequency range 26.5-40.0 GHz. When the external biasing field was fixed in a given direction, we observed effects due to FMR in the scattering S parameters. This technique was very helpful in terms of analyzing the nonreciprocal behavior of our device. Nonreciprocal behavior was defined as follows:' If Sij is different from Sjj with the direction of the external magnetic field fixed, then the device behaves nonreciprocally.
In case I, the c axis of the ferrit.e slab was placed in the direction of propagation with the external magnetic field applied parallel to it. We reported here the electromagnetic scattering S parameters for the magnetic field distributions of Hm,=325
Oe and Hnlin= 175 Oe in the direction of propagation. The diagonal elements of [S] are the reflection coefftoients, and the off-diagonal elements corresponding to the transmission parameters. From the theoretical point of view, Sz2 is not equal to St, for a nonreciprocal device. In our experimental setup, the measured signal strength for S, I and S,, were very weak; therefore, it was hard to distinguish the difference between S,, and Sz2. Similar results were obtained for ~5'~~ and S,. In order to characterize the four-port device fully, 12 independent measurements are needed. However, our primary interest is the nonreciprocal behavior. We measured two resonances in Si2 pig, 2(a)]. We attribute the resonance behavior to magnetostatic wave excitation in the ferrite slab." For the forward transmission S2t, the resonances are not as pronounced as S,,. Below FMR, differential phase change was about 80" for Szl [see Fig. 2(b) ], and the corresponding attenuation was approximately 12 dB. However, the phase shift was greater than loo" above resonance for S1? and the Ioss was about 10 dB [ Fig. 2(b) ]. We believe that the amount of attenuation can be reduced if radiation loss can be reduced.
In addition there was strong coupling between ports 1 and 4 [see Fig. 2(c) ]. The amount of coupling was a Cmction of the separation between the two image lines, operating frequencies, etc. The insertion loss for Si4 was minimal at all frequencies, including frequencies near FMR [see 30 dB. Also, above FMR frequency we observed more than 50" of phase shift between the coupling ports [see Fig.  2(d) ]. For phase-shifting applications, operation is suggested at frequencies below or above that for FMR. Thus, it is possible to achieve a maximum phase shift with minimum insertion loss. Finally, for this field configuration, we observed very strong nonreciprocal behavior due to FMR in the forward transmission and coupling ports. The PMR frequency for S,, was ditferent from S,,; the shift in FMR frequency was due to phase matching between the ferrite slab and the dielectric image guide as electromagnetic energy coupled through the ferrite material. Phase matching was due to the fact that the dielectric constant for Teflon was 2.25 and the dielectric constant for the ferrite slab was 13. There appears to be evidence for circulation behavior in the device, as indicated in Fig. 2 .
For this case, the c axis of the ferrite slab was oriented transverse to the direction of propagation, and parallel to the ground plane. When the external magnetic field was applied perpendicular to the ground plane, the scattering S parameters were measured. The F mode of propagation occurs in the guided structure. For this mode of excitation, the magnetic fields are linearly polarized irrespective of propagation direction. Hence, reciprocal behavior was observed in the absence of external biasing field, since iw, and hti are parallel to each other. However, we may alter the special coupling symmetry by applying an external applied magnetic field normal to hti In this field configuration, we anticipate less symmetry in the scattering matrix due to the fact that the c axis or the do magnetization is at an oblique angle to he The form of the scattering matrix for this case takes on the following form: Again, we observed resonances for St, and S,, [see Fig. 3(a) ]. The other minor resonances occurring at higher frequencies are attributed to magnetostatic wave excitation within the ferrite slab. They are analogies to dimensional resonance in a finite structure. Power absorption in the forward transmission (SZl) at FMR was more than 50 dB. For coupling ports (S,, and Si4), very pronounced nonreciprocal effects were observed [see Fig.  3(b) ]. From a practical point of view, signals operating in the vicinity of FMR can be switched on and off as in signal processing purposes.
In summary, strong nonreciprocal effects were observed in cases I and II. To our surprise we observed even stronger nonreciprocal effects for case II than for case 1. The amount of attenuation at FMR for the transmission ports ( 1 and 2) and the coupling ports (1 and 4) is summarized in Table I . The forward attenuation (SZl) was as high as 50 dB at FMR frequency (fo), but the insertion loss (S,,) was insignificant in comparison to the forward attenuation or vice versa. Thus, the coupling energy is confined to the guided structure.
We also observed very strong nonreciprocal effects in the forward coupling ports (ports 1 and 4) at the same time; the return loss was not affected by FMR. This was also true for the forward coupling ports. Phase shifting is one of the applications that can be achieved with our device. For the field configuration normal to the ground plane (case II), the Ey mode of propagation was conserved or maintained throughout the frequency range investigated. Our device has not been optimized for commercial use. The objective of this research was to demonstrate and explore the feasibility of the device for potential microwave applications. The results presented here could provide a method for nonreciprocal millimeter-wave application deploying planar geometries, such as novel circulators and frequency and phase-tuning devices.
